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We describe the first one-pot orthogonal strategy to prepare well-defined cyclopeptide-based heteroglycoclusters (hGCs) from

glycosyl thiols. Both thiol-chloroactetyl coupling (TCC) and thiol-ene coupling (TEC) have been used to decorate cyclopeptides

regioselectively with diverse combination of sugars. We demonstrate that the reaction sequence starting with TCC can be

performed one-pot whereas the reverse sequence requires a purification step after the TEC reaction. The versatility of this orthog-

onal strategy has been demonstrated through the synthesis of diverse hGCs displaying alternating binary combinations of a-D-Man

or B-D-GIcNAc, thus providing rapid access to attractive heteroglycosylated platforms for diverse biological applications.

Introduction

Multivalent carbohydrate—protein interactions are complex
mechanisms that play key roles in biology [1]. To decipher,
exploit or inhibit these recognition processes, a large variety of
synthetic multivalent glycoconjugates have been developed
over the last decade [2-4]. For a long time, these structures have
capitalized on the utilization of a core scaffold decorated with
identical sugars which are covalently linked through various

spacers. While mimicking the multivalent sugar display of bio-

logical systems, these structures poorly reflect their inherent
heterogenicity which hampers progresses towards the detailed
elucidation of carbohydrate—protein interactions and the
discovery of more selective ligands. Heteromultivalent ligands,
namely heteroglycoclusters (hGCs), represent ideal structures to
achieve this purpose [5]. A few recent reports described the
construction of various hGCs based on the successive attach-

ment of sugar residues on a core scaffold such as sugar [6,7],
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peptide [8-10], dendrimer [11,12], cyclodextrin [13-15] and
polymer [16]. The most common synthetic strategy to build
such hGCs relies on a fragment-coupling approach using
thiol-ene coupling [17], copper(I)-catalyzed alkyne—azide
cycloaddition (CuAAC) [18] or SN2 reaction [19]. In addition,
orthogonal chemoselective ligations were proved more attrac-
tive strategies to prepare hGCs in high yields, in part because
they require less synthetic and purification steps. For example,
oxime and CuAAC ligations have been used in our group to
prepare tetravalent structures displaying two sugars either in 2:2
or 3:1 relative proportions [20]. In the meanwhile, the group of
A. Dondoni has developed a sequential orthogonal TEC in
combination with CuAAC for grafting two different sugar

motifs on calix[4]arene scaffold [21].

Herein we report a new strategy based on both thiol-chloro-
actetyl coupling (TCC) and thiol-ene coupling (TEC) to prepare
hGCs from glycosyl thiols and cyclopeptide scaffolds
displaying chloroacetyl (ClAc) and allyloxycarbonyl (Alloc)
groups and vice versa. We demonstrate that cyclopeptides
regioselectively decorated with four sugars on one side, and two
other sugars on the other side can be obtained either by a step-
wise or a one-pot protocol depending on the reaction sequence
(Figure 1). It should be mentioned that during the course of this
study, the group of R. Roy has demonstrated the orthogonality
of these two reactions for the growth of multifuncional
dendrimers [22].

Results and Discussion

Owing to their straightforward access, their high nucleo-
philicity and the stability of thioether conjugates, glycosyl thiols
[23,24], a-D-ManSH 1 and B-D-GIcNAcSH 2 have been
selected for this study (Scheme 1). Such derivatives have
proved to be useful in bioconjugates chemistry [25] and for the
preparation of thioether-linked tetravalent glycocyclopeptides
which have shown highest inhibition against a model lectin in
comparison with analogues bearing oxime and triazole linkage

Figure 1: Chemical strategy for the construction of heteroglycoclusters.
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[26]. Glycosyl thiols a-D-ManSH 1 and B-D-GIcNAcSH 2 were
prepared from the corresponding bromo peracetyl and chloro
peracetyl sugars by treatment with potassium thioacetate fol-
lowed by de-O-acetylation under standard conditions [24].

Cyclopeptide 3 displaying two orthogonal functionalities, i.e.,
four lysine residues functionalized with Alloc groups [27]
pointing on the upper face, and two lysine residues protected
with chloroacetyl moiety at the lower face has been prepared.
To evaluate the importance of the reaction sequences, we first
performed the TEC reaction using a-D-ManSH 1. This reaction
was carried out in a mixture of DMF and H,O under UV irradi-
ation (A = 365 nm) in the presence of 2,2-dimethoxy-2-phenyl-
acetophenone (DPAP) as a radical initiator (Scheme 1, route A).
In previous studies [26], we observed that the TEC reaction
requires the utilization of 3 equivalents of sugar per reaction site
to be complete. Disappearance of starting material was indeed
observed by reversed-phase HPLC after 45 minutes. The forma-
tion of the desired intermediate 4 having two chloroacetyl
groups on the other side was confirmed by ESI mass spectrom-
etry (see Supporting Information File 1 and Table 1). As
expected, the chloroacetyl groups remained unreactive under
these conditions as no partially glycosylated product was
observed. Even though the HPLC profile of the crude mixture
showed a clean reaction mixture, we were aware that the
remaining presence of 1 could lead to the formation of an
unwanted mixture of products. However we performed the next
TCC reaction without further purification. The reaction
occurred with a slight excess of 2 (1.2 equiv per reactive site) in
the presence of NaH in dry DMF. Expectedly, this route gave a
heterogeneous mixture of inseparable products, thus indicating
that removal of the unreacted excess of sugar 1 is mandatory to
avoid its addition during the TCC reaction. After purification,
compound 4 was obtained in 46% yield and subsequently
subjected to the TCC reaction with B-D-GIcNAcSH 2 under
conditions described above. Compound 5, wherein a-D-Man
and B-D-GIcNAc occupied at the upper and the lower domains
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Scheme 1: Stepwise (Route A) and sequential one-pot (Route B) synthesis of hGCs.

of the scaffold, respectively, was obtained after 1 hour as
confirmed by HPLC and MS analyses (Table 1).

We decided to investigate whether changing the reaction
sequence could allow the one-pot assembly. We thus coupled
B-D-GIlcNAcSH 2 by TCC as the first step (Scheme 1, route B).
Contrary to the previous route, we expected that the presence of
unreacted sugar 2 (used in slight excess) might not interfere

during the thiol-ene coupling as it should form disulfide adduct

spontaneously. Therefore, the crude mixture was neutralized by
addition of hydrochloric acid and compound 6 was used without
further additional purification. a-D-ManSH 1 was then conju-
gated by TEC and compound 5 was obtained in 78% after
purification. Interestingly no side product corresponding to the
addition of 2 on the Alloc group was detected. We concluded
that performing reactions in this order (route B) makes the one-
pot assembly possible, faster and provides hGCs with higher
yields (Table 1).
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Table 1: Analytical data of the hGCs.
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compound yield (%)?2 MS calcP MS found® tr (min)d
4 46 (6.9 mg) 23519 2352.0 9.71
5 (route A) 33 (2.6 mg) 2753.1 2753.2 8.24
5 (route B) 78 (13.8 mg) 2753.1 2753.2 8.24
8 80 (10.2 mg) 2835.8 2836.0 8.35
11 77 (13.1 mg) 2666.1 2666.1 8.06
13 54 (14.4 mg) 27471 2747.2 8.06

aYields were calculated on isolated compounds after HPLC purification. PCalculated mass for [M + H]*. °MS analysis was performed by electrospray
ionization method in positive mode. 9RP-HPLC retention time using a linear gradient A-B, 95:5 to 0:100 in 20 min, flow: 1.0 mL/min, A = 214 nm and
250 nm (column: nucleosil 300-5 C18; solvent A: 0.09% TFA in H20, solvent B: 0.09% TFA in 90% acetonitrile).

To verify the efficiency and versatility of this protocol, we
decided to perform similar sequence of reactions with cyclo-
peptide 9 having reactive functionalities in reverse
orientation compared to 3, i.e., four chloroacetyl and two Alloc
moieties at the upper and the lower face, respectively
(Scheme 2).

a-D-ManSH was used for the TCC reaction and B-D-
GlcNACSH for the subsequent TEC using a similar sequence of

reactions described in Scheme 1. The HPLC profile of the crude
mixture (Figure 2) showed that the successive TCC and TEC
reactions give clean reaction mixtures to provide the hGC 11
with 77% yield.

The same strategy was followed to prepare compound 13
featuring two o-D-Man and four B-D-GIcNAc. No difference of
reactivity was observed whatever the scaffold or the glycosyl
thiol used. All these products were obtained in good yield after
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Scheme 2: Synthesis of hGCs 11 and 13.
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Figure 2: RP-HPLC profile of the one-pot synthesis of hGC 11 (linear
A-B gradient: 5 to 100% B in 20 min, A = 214 nm); (a, blue) cyclode-
capeptide precursor 9; (b, red) crude mixture of intermediate product
10; (c, green) corresponds to crude mixture after TCC and TEC (11).

HPLC purification and gave the expected multicharged ions by

electrospray mass spectrometry (Table 1).

Conclusion

In summary, we have developed the first synthesis of hGCs
using a one-pot orthogonal chemoselective route by using dual
thiol-chloroacetyl and thiol-ene couplings. The effectiveness of
this method was demonstrated through the coupling of multiple
copies of a-D-ManSH and B-D-GIcNAcSH residues onto both
addressable domains of cyclopeptide scaffolds displaying
chloroacetyl and allyloxycarbonyl groups. While the first
utilization of thiol-ene coupling in a stepwise approach requires
an intermediate purification, a sequential one-pot assembly can
be performed in good yields by starting with thiol-chloroacetyl
coupling. This process is currently used in our laboratory for the
construction of mutliantigenic synthetic vaccines against

cancers.

Experimental

General details. All chemical reagents were purchased from
Aldrich (Saint Quentin Fallavier, France) or Acros (Noisy-Le-
Grand, France) and were used without further purification.
PyBOP was obtained from Calbiochem-Novabiochem (Merck
Biosciences - VWR, Limonest, France). Analytical RP-HPLC
was performed on a Waters system equipped with a Waters 600
controller and a Waters 2487 Dual Absorbance Detector.
Analysis was carried out at 1.0 mL/min (EC 125/3 nucleosil
300-5 C18) with UV monitoring at 214 nm and 250 nm using a
linear A—B gradient (buffer A: 0.09% CF;CO,H in water;
buffer B: 0.09% CF3CO,H in 90% acetonitrile). Preparative
separation was carried out at 22 mL/min (VP 250/21 nucleosil
300-7 C18) with UV monitoring at 214 nm and 250 nm using a
linear A—B gradient (buffer A: 0.09% CF3;CO,H in water;
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buffer B: 0.09% CF3CO,H in 90% acetonitrile). Mass spec-
trometry was performed using electrospray ionization on an

Esquire 3000+ Bruker Daltonics in positive mode.

General procedure for solid-phase peptide synthesis.
Assembly of all protected peptides was carried out on a synthe-
sizer (Syro 11, Biotage) using the Fmoc/#-Bu strategy and the
Fmoc-Gly-Sasrin™ resin. Coupling reactions were performed
using, relative to the resin loading, 3 equiv of Fmoc-protected
amino acid activated in situ with 3 equiv of PyBOP and 6 equiv
of DIPEA in DMF (10 mL/g resin) for 30 min. Fmoc protecting
groups were removed by treatment with a piperidine/DMF solu-
tion 1:4 (10 mL/g resin) for 10 min. Synthetic linear peptides
were recovered directly upon acid cleavage (1% TFA in
CH,Cl,). The resins were treated for 3 min repeatedly until the
resin beads became dark purple. The combined washings were
concentrated under reduced pressure, and white solid peptides
were obtained by precipitation from diethyl ether.

General procedure for peptide cyclization. All linear peptides
were dissolved in CH,Cl; (0.5 mM) and the pH was adjusted to
8 by addition of DIPEA. PyBOP (1.2 equiv) was added and the
solution was stirred at room temperature for 1 h. Evaporation of
the solvent and precipitation in diethyl ether afforded the cyclic
peptides as white solids.

General procedure for Boc deprotection. All cyclic peptides
were dissolved in CH,Cl, and then a solution at 40% of trifluo-
roacetic acid in CH,Cl, with 2.5% of water as scavenger was
added. The reaction was run until disappearance of stating ma-
terial (1 h). Evaporation of the solvent and precipitation in
diethyl ether afforded the cyclic peptides as white solids.

Cyclopeptide 3. To a solution of partial protected cyclopeptide
[Lys(Aloc)-Lys-Lys(Aloc)-Pro-Gly-Lys(Aloc)-Lys-Lys(Aloc)-
Pro-Gly] (200 mg, 0.142 mmol) in dry DMF (10 mL) was
added chloroacetic anhydride (100 mg, 0.304 mmol) and pH
adjusted to 8 by adding 100 pL of DIPEA. The brown solution
was left stirring for 2 h. The solvent was then evaporated, the
brown residue was dissolved in a minimum amount of CH,Cl,
and then precipitated in Et,O. The dark-yellow precipitate was
purified by HPLC obtaining 3 (157 mg, 70%) as white foam.
Analytical RP-HPLC: g = 16.64 min (gradient: 5 to 100% B in
20 min); ESIMS+ (m/z): [M + H]+ calcd for C70C12H1 1 1N16020’
1567.7; found, 1567.7.

Homoglycocluster 4. Route A: Compounds 1 (14 mg,
0.076 mmol) and 3 (10 mg, 0.0064 mmol) were dissolved in dry
DMF and DPAP (2.0 mg, 0.008 mmol) was added. The solu-
tion was irradiated at 365 nm for 45 min. Compound 4 (6.9 mg,
46%) was obtained as a white foam. Analytical RP-HPLC: g =
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9.71 min (gradient: 5 to 100% B in 20 min); ESIMS* (m/z): [M
+ H]*calcd for C94C12H158N]604os4, 2351.9; found, 2352.0.

Heteroglycocluster 5. Route A: Compounds 4 (6.9 mg,
0.029 mmol) and 2 (1.7 mg, 0.0696 mmol) were dissolved in
dry DMF (300 pL) and NaH (0.28 mg, 0.0696 mmol) was
added. The heterogeneous solution was left stirring 2 h at rt.
The crude mixture was then purified at HPLC obtaining 5
(2.6 mg, 33%) as a white foam. Analytical RP-HPLC: tg =
8.24 min (gradient: 5 to 100% B in 20 min); ESIMS* (m/z): [M
+ H]* caled for C;19H 37N 18060S6, 2753.1; found, 2753.2.

Heteroglycocluster 5. Route B (one-pot assembly). Com-
pounds 2 (3.6 mg, 0.015 mmol) and 3 (10 mg, 0.0064 mmol)
were dissolved in dry DMF (300 pL) and NaH (0.5 mg,
0.015 mmol) was added. After stirring 1 h at room temperature,
analytical HPLC indicated complete disappearance of 3 and the
appearance of a new product corresponding to compound 6.
Analytical HPLC: tg = 11.34 (gradient: 5 to 100% B in 20 min);
ESIMS™ (m/z): [M + H]* caled for CggH 39N [g030S2, 1968.0;
found, 1969.3. The crude mixture was treated with 1% HCI
aqueous solution (150 pL) then compound 1 (14.52 mg,
0.0768 mmol) and DPAP (1.96 mg, 0.0077 mmol) were added.
The solution was irradiated at 365 nm for 45 min. Heteroglyco-
cluster 5 was obtained as a white foam after HPLC purification.
Yield: 78%; (13.8 mg); analytical HPLC: tg = 8.24 min
(gradient: 5 to 100% B in 20 min); ESIMS™ (m/z): [M + H]*
caled for Cyj9H;g7N18060S¢, 2753.1; found, 2753.2.

Heteroglycocluster 8. Heteroglycocluster 8 wad obtained from
1 (2.4 mg, 0.0122 mmol), 3 (8 mg, 0.0051 mmol) and 2
(14.2 mg, 0.06 mmol) as described for 5. Yield: 80% (10.2 mg);
analytical RP-HPLC: g = 8.35 min (gradient: 5 to 100% B in
20 min); ESIMS™ (m/z): [M + H]" calcd for Cy14H 93N20050S6,
2835.8; found, 2836.0.

Cyclopeptide 9. To a solution of the partial protected cyclo-
peptide [Lys-Lys(Aloc)-Lys-Pro-Gly-Lys-Lys(Aloc)-Lys-Pro-
Gly] (871 mg, 0.70 mmol) in dry DMF (40 mL) was added
chloroacetic anhydride (601.2 mg, 3.36 mmol) and the pH was
adjusted to 8 by adding 250 pL of DIPEA. The brown solution
was left stirring for 4 h. Solvent was then evaporated; the brown
residue was dissolved in a minimum amount of CH,Cl, and
then precipitated in Et,O. The dark-brown precipitate was puri-
fied by HPLC obtaining 9 (459 mg, 42%) as white foam.
Analytical RP-HPLC: #g = 12.67 min (gradient: 5 to 100% B in
20 min); ESIMS™ (m/z): [M + H]" caled for Cg6ClsH;¢5sN16013,
1582.7; found, 1582.0.

Heteroglycocluster 11. Heteroglycocluster 11 was obtained
from 9 (13 mg, 0.0084 mmol), 1 (8 mg, 0.0402 mmol) and 2
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(11.9 mg, 0.0504 mmol) as described for 5. Yield: 77%
(13.1 mg); analytical RP-HPLC: fg = 8.06 min (gradient: 5 to
100% B in 20 min); ESIMS* (m/z): [M + H]* calcd for
C106H180N18048567 2666.1; found, 2666.1.

Heteroglycocluster 13. Heteroglycocluster 13 was obtained
from 9 (15 mg, 0.0097 mmol), 2 (11.0 mg, 0.0466 mmol) and 1
(11.4 mg, 0.058 mmol) as described for 5. Yield: 54%
(14.4 mg); analytical RP-HPLC: g = 8.06 min (gradient: 5 to
100% B in 20 min); ESIMS* (m/z): [M + H]" calcd for
C110H184N20048S6, 2747.1; found, 2747.2.

Supporting Information

Supporting Information File 1

HPLC chromatograms and mass spectra of all compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-10-160-S1.pdf]
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